Retroviruses containing inserts of exogenous sequences frequently eliminate the inserted sequences upon spread in susceptible cells. We have constructed replication-competent murine leukemia virus (MLV) vectors containing internal ribosome entry site (IRES)-transgene cassettes at the env-3 untranslated region boundary in order to examine the effects of insert sequence and size on the loss of inserts during viral replication. A virus containing an insertion of 1.6 kb replicated with greatly attenuated kinetics relative to wild-type virus and lost the inserted sequences in a single infection cycle. In contrast, MLVs containing inserts of 1.15 to 1.30 kb replicated with kinetics only slightly attenuated compared to wild-type MLV and exhibited much greater stability, maintaining their genomic integrity over multiple serial infection cycles. Eventually, multiple species of deletion mutants were detected simultaneously in later infection cycles; once detected, these variants rapidly dominated the population and thereafter appeared to be maintained at a relative equilibrium. Sequence analysis of these variants identified preferred sites of recombination in the parental viruses, including both short direct repeats and inverted repeats. One instance of insert deletion through recombination with an endogenous retrovirus was also observed. When specific sequences involved in these recombination events were eliminated, deletion variants still arose with the same kinetics upon virus passage and by apparently similar mechanisms, although at different locations in the vectors. Our results suggest that while lengthened, insertcontaining genomes can be maintained over multiple replication cycles, preferential deletions resulting in loss of the inserted sequences confer a strong selective advantage.
Replicating retrovirus populations are characterized by a high degree of genetic change (6) . This genetic diversity is the product of high frequencies of base misincorporations (4, 13, 40) , rearrangements (7, 57) , and both homologous (5, 18, 48) and nonhomologous (33, 58, 59 ) recombination events in the viral genome. Such genetic variability gives retroviruses the ability to adapt quickly to changes in selective pressures.
A variety of replication-competent retroviral vectors have been created by the insertion of heterologous sequences into full-length viral genomes. Such vectors have been constructed from several retrovirus species, including Rous sarcoma virus (RSV) (3, 29, 36) , murine leukemia virus (MLV) (10, 28, 39, 49) , spleen necrosis virus (12) , human immunodeficiency virus (21, 27, 32, 55) , and human foamy virus (42) . In studies in which the structure of these lengthened viruses was examined subsequent to replication, the inserted sequences were usually found to have been partially or completely lost from the population within three or fewer passages through cultures of susceptible cells (12, 24, 28, 39, 42, 49) . The tendency of retroviruses to rapidly delete insertions has been observed with various different insert sequences, indicating that the sequence requirements for efficient deletion are fairly permissive.
Previous studies that have analyzed in detail deletion mutants of nondefective retroviruses utilized RSV, which loses most its src coding sequence upon replication in culture (2, 31, 33, 58) . However, differences in the stability of the RSV src gene in transformed versus nontransformed cells have been reported, suggesting that the presence of this oncogene may result in selective pressures on cultured viruses based not only on the virus's replicative fitness, but also on the cytoproliferative function of the protein encoded by this gene (2, 30) . In this system, examination of virus stability in the absence of such selective pressures is therefore difficult.
We have recently shown that an internal ribosome entry site (IRES)-transgene expression cassette inserted at the env-3Ј untranslated region (UTR) boundary in the MLV genome results in a fully replication-competent vector that can be used as a tool to efficiently and reliably transmit transgenes in singlepassage mammalian cell culture (28a, 46) . In the present studies, we used this system to examine the genetic stability of insert-containing MLVs and analyzed the effects of particular sequences in these viruses on the emergence of deletion variants during virus passage.
MATERIALS AND METHODS
Retroviral vector plasmid construction. An infectious Moloney MLV proviral clone was excised with NheI, which cuts once within each long terminal repeat (LTR), from plasmid pZAP (45) (kindly provided by John A. Young, University of Wisconsin) in order to eliminate flanking rat genomic sequences and recloned in the plasmid backbone of MLV vector g1ZIN to produce plasmid pZAP2. The region of the env gene from the unique NsiI site to the termination codon was amplified by PCR and fused to the encephalomyocarditis virus IRES (22) amplified from plasmid pEMCF by overlap extension PCR (16) , introducing the restriction sites BstBI and NotI at the 3Ј end. Plasmids g1ZIN and pEMCF were kindly provided by W. French Anderson, University of Southern California. The region from the env termination codon to the 3Ј end of the 3Ј LTR was also amplified by PCR, introducing NotI and AflIII sites at the 5Ј and 3Ј ends of the amplification product, respectively. A three-way ligation was used to insert this PCR product and the overlap extension PCR product into pZAP2 at its NsiI site and an AflIII site in the plasmid backbone, producing plasmid pZAPd. The puromycin acetyltransferase gene (pac) from plasmid pPUR (Clontech), the hygromycin phosphotransferase gene (hph) from plasmid pTK-hygro (Clontech), and the green fluorescent protein (GFP) cDNA (9) of plasmid pEGFP (Clontech) were each amplified by PCR and inserted into the BstBI and NotI sites of pZAPd, in frame with the authentic start codon of the IRES, producing pZAPdpuro, pZAPd-hygro, and pZAPd-GFP, respectively. All regions generated by PCR were verified by sequencing. A pZAPd-GFP-based construct in which an 11-bp repeat sequence flanking the IRES-GFP insert was eliminated and replaced by an MluI site was also generated by site-directed mutagenesis and designated pZAPm-GFP. An additional construct in which the Moloney MLV ecotropic envelope was replaced with the amphotropic envelope from 4070A was generated by overlap extension PCR and designated pAZE-GFP.
Cell culture and virus production. 293T (11), NIH 3T3 (20) , and XC (51) cells were cultivated in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. Virus stock was produced by transfection of 293T cells using calcium phosphate precipitation with pZAP2, pZAPd-GFP, pZAPd-puro, or pZAPdhygro (47) . Virus-containing supernatant was collected 48 h following transfection and passed through 0.45-m syringe filters before use. Viral assays. Reverse transcriptase (RT) activity in supernatants of infected cell cultures was assayed as described previously (53) . Quantitation of the reaction products was carried out using a Storm Phosphorlmager (Molecular Dynamics). Virus titers were determined by the UV-XC syncytium assay (41) .
Single-cycle infection with replicating viruses in culture. NIH 3T3 cells at 20% confluence in 6-cm dishes were infected with stock virus at a multiplicity of infection (MOI) of 0.0005. At 3, 5, and 8 days postinfection, the cells were examined by microscopy and split 1:5, and an aliquot of the cells was analyzed for GFP expression by flow cytometry as described below.
Multiple-cycle infections with replicating viruses in culture. NIH 3T3 cells at 20% confluence in 6-cm dishes were infected with stock virus at an MOI of 0.001. At 2 days postinfection, the cells were split 1:5, and in the case of ZAPd-GFP, aliquots were analyzed for GFP expression by flow cytometry as described below. At 4 days postinfection, 100-fold dilutions of cell culture supernatant were used to infect fresh NIH 3T3 cultures. At the 4-day time point, we subcultivated each culture for preparation of unintegrated proviral DNA and analyzed ZAPd-GFPinfected cells by flow cytometry. This cycle was repeated several additional times. Proviral DNA was extracted from each culture by a modified Hirt procedure (26) . Southern blot analysis of viral genomes. Hirt DNA was digested with NheI, separated by electrophoresis, and blotted onto nylon membranes. Probes were generated by [ 32 P]dCTP-labeled random priming of restriction fragments from each specific transgene or a common 2-kb NheI-XhoI MLV LTR-gag fragment. The blots were hybridized and washed under standard conditions and analyzed by PhosphorImager.
PCR analysis of viral deletion mutants. PCR amplification of Hirt DNA from infected NIH 3T3 cells was performed using upstream primers hybridizing to the ecotropic (in the case of ZAPd-hygro, ZAPd-GFP, and ZAPm-GFP) or the amphotropic (in the case of AZE-GFP) env gene and a common downstream primer hybridizing at the 3Ј UTR-3Ј LTR border. Upon electrophoresis, PCR products that were smaller than the expected size for full-length virus genomes were gel purified and sequenced.
RESULTS
Generation of lengthened MLV-based retroviruses. The encephalomyocarditis virus IRES linked to sequences encoding puromycin acetyltransferase, GFP, or hygromycin phosphotransferase was inserted into the ecotropic MLV genome, positioning the insertion immediately after the env termination codon. These plasmids were designated pZAPd-puro, pZAPd-GFP, and pZAPd-hygro and contained IRES transgene insertions of 1.15, 1.3, and 1.55 kb, respectively, positioned at the env-UTR boundary (Fig. 1) . Infection of NIH 3T3 cells with ZAPd-puro and ZAPd-hygro stock virus conferred resistance to puromycin and hygromycin, respectively, and cells infected with pZAPd-GFP exhibited bright green fluorescence when observed by UV light microscopy, demonstrating that the vectors mediated functional expression of each transgene (data not shown). 
Replication kinetics of insert-containing viruses through a single infection cycle.
To examine the ability of ZAPd-puro, ZAPd-GFP, and ZAPd-hygro to replicate in cultured cells, we monitored RT activity in transfected cultures over a 15-day period. The parental wild-type virus, ZAP2, was used in parallel as a control. Both ZAPd-puro and ZAPd-GFP showed approximately the same lag period (3 days) as wild-type MLV prior to the appearance of detectable levels of RT activity, and thereafter exhibited a time course slightly attenuated compared to that of wild-type MLV (Fig. 2) , suggesting that the insert-containing viruses replicated with moderately slower kinetics than wild-type virus. In contrast, ZAPd-hygro was greatly attenuated compared to wild-type MLV or the other insert-containing viruses, exhibiting a lag period of 9 days prior to the appearance of detectable RT. Thereafter, the rise in RT activity in the ZAPd-hygro-infected cultures was robust, suggesting that it may have derived from the exponential growth of an initially small revertant population. When propagated on NIH 3T3 cells, the titer of ZAPd-GFP reached 1.2 ϫ 10 5 to 3.8 ϫ 10 5 PFU/ml, while that of wild-type MLV on NIH 3T3 cells was 2.1 ϫ 10 6 to 5.0 ϫ 10 6 PFU/ml, indicating that the presence of the 1.3-kb IRES-GFP insert reduced production of infectious particles approximately 10-fold.
We also assessed the replication kinetics of ZAPd-GFP by following the spread of GFP through cells inoculated at low MOI. GFP fluorescence was detected in only a small percentage (ϳ3%) of the cells 3 days postinoculation, while at 5 days, approximately one-quarter of the population exhibited fluorescence. By day 8, approximately 95% of the cells fluoresced ( Fig. 2B) , demonstrating that the virus transmitted the GFP marker gene with high efficiency.
Genetic stability of ZAPd-puro, ZAPd-GFP, and ZAPd-hygro upon replication through serial infection cycles. We serially reinoculated fresh plates of NIH 3T3 cells with cell-free ZAPd-puro, ZAPd-GFP, or ZAPd-hygro virus supernatants, using 100-fold dilutions of conditioned medium from the previous cycle for each subsequent infection, to examine stability over multiple replication cycles. No antibiotic selection pressure was applied during these infections.
Hirt DNA from each serially infected cell population, digested with NheI, which cleaves once within each LTR and thus yields a full-length linearized genome, was analyzed by Southern blot using probes specific for the corresponding transgene sequence, (Fig. 3A, C , and E, respectively) or a common probe for the 5Ј LTR-gag region of MLV (Fig. 3B, D , and F).
The ZAPd-puro virus, which contains a 1.15-kb insert, showed no sign of deletion for the first six infection cycles, with only the full-length genome containing the insert sequence being detectable during this interval ( Fig. 3A and B) . At the seventh infection cycle, a variant population was detected at very low levels. This variant population hybridized to the LTRgag probe (Fig. 3B) but not the pac-specific probe (Fig. 3A) , and the genome size of this deletion mutant population appeared to be roughly similar to that of wild-type MLV. Over the subsequent five infections, the levels of this deleted population grew, while that of full-length ZAPd-puro decreased, indicating that loss of the insert imparted a replicative advantage.
Similarly, the full-length ZAPd-GFP signal was detected using either a GFP-specific probe (Fig. 3C) or the common LTR-gag probe (Fig. 3D ) throughout more than eight serial infection cycles. This high level of stability was reproducibly and quite consistently observed through repeated experiments, each conducted with more than 10 serial passages. However, as observed with the ZAPd-puro virus, a progressive diminution in the full-length ZAPd-GFP signal was observed after the eighth infection cycle, corresponding with the progressive emergence of a variant virus population similar in size to wildtype MLV (Fig. 3D) , and which was not detected by the GFP probe (Fig. 3C) .
In contrast, proviral DNA from serial infections with ZAPdhygro exhibited deletions from the first passage ( Fig. 3E and  F) . Among the unintegrated proviral species produced upon the first infection, only a very small fraction proved to be full-length ZAPd-hygro (Fig. 3E) , and by the second infection a deletion variant similar in size to wild-type MLV had completely outgrown the vector (Fig. 3F) .
GFP fluorescence serves as a reliable surrogate marker for genomic stability of the ZAPd-GFP virus over multiple infection cycles. Based on the results of single-passage FACS anal- ysis data and the extent of the deletions observed in ZAPd-GFP over serial passage, we hypothesized that the GFP reporter would greatly facilitate monitoring of virus replication and stability over multiple replication cycles. Therefore, we again performed serial infections with ZAPd-GFP, examining the cells by FACS at 2 and 4 days of each infection cycle. Only a small percentage of cells in each cycle expressed GFP by day 2 after inoculation (data not shown). However, the percentage of GFP-positive cells increased by day 4 of each cycle, indicating that GFP transduction was the result of progressive viral transmission rather than high initial levels of infection. The percentage of cells transduced by the virus at each day 4 time point, as determined by flow cytometry, is shown in Fig. 4A . Each serial infection up to the seventh or eighth cycle consistently generated transduction levels approaching 100% by day 4 postinoculation, after which the efficiency of GFP marker gene transmission was observed to decrease progressively, and almost no spread of GFP fluorescence was observed by the 15th cycle (Fig. 4A) .
This progressive decrease in GFP transmission observed by FACS correlated closely with the emergence of the deletion mutant observed by Southern blot above, suggesting that the wild-type deletion mutant competes successfully with the insert-containing genome. This competition presumably occurred via superinfection resistance, as in the later infection cycles the maximum percentage of GFP-positive cells was not further increased beyond day 4 levels by additional cultivation of the cells (data not shown). The precise correlation between the loss of GFP expression and the loss of full-length forms also suggests that the level of GFP fluorescence can serve as a reliable surrogate marker for genomic stability and persistence of the ZAPd-GFP virus over multiple infection cycles.
Effect of repeat sequence deletion and envelope sequence replacement on genetic stability of lengthened MLV through multiple replication cycles. The IRES-transgene insert of ZAPd-GFP is flanked by an 11-bp repeat that might predispose the virus to a recombination event that would reconstitute the wild-type MLV sequence. We therefore constructed a variant of ZAPd-GFP, designated ZAPm-GFP, in which mutations were introduced into the upstream 11-bp repeat to eliminate homology with the downstream repeat sequence; these changes consisted of seven point mutations, including three silent mutations in the last three codons of env (Fig. 1 ). An additional variant of ZAPd-GFP in which the Moloney MLV ecotropic envelope was replaced with the 4070A amphotropic envelope was generated and designated AZE-GFP (Fig. 1) . This vector, like ZAPm-GFP, lacks the upstream copy of the 11-bp repeat found in ZAPd-GFP.
ZAPm-GFP replicated with kinetics indistinguishable from those of ZAPd-GFP, as determined by transmission of the GFP marker through NIH 3T3 cultures after inoculation at low MOI (data not shown). Surprisingly, elimination of the upstream 11-bp repeat homology did not appear to prolong the stability of the virus over multiple infection cycles. Upon serial infection using the same protocol as above, ZAPm-GFP still showed progressively decreasing levels of day 4 postinoculation GFP fluorescence starting from infection cycle 8 (Fig. 4B) , indicating that the same progressive loss of the full-length genome occurred from this cycle onward.
The AZE-GFP virus also showed efficient replication and GFP transmission, demonstrating that the 1.3-kb IRES-GFP insertion at the env-UTR boundary is relatively stable even in the context of different upstream envelope sequences. However, the replication kinetics of AZE-GFP were found to be somewhat attenuated compared to ZAPd-GFP and ZAPm-GFP, and during serial infection experiments the percentage of GFP-positive cells after infection by the amphotropic virus only reached 80% by each day 4 time point up to cycle 7 ( Fig.  4C) , whereas its ecotropic counterparts had consistently reached around 95% by the same time point in previous experiments ( Fig. 4A and B) . In each of the first seven serial infection cycles, the percentage of GFP-positive cells did sub- Fig. 3 . Four days after exposure to virus, each culture was examined for GFP expression by flow cytometry. Shown are the percentages of cells expressing GFP at each passage. Values were obtained from three independent experiments, and error bars represent standard deviations.
FIG. 4. Transmission of GFP by GFP-encoding viruses over multiple serial infection cycles. Each virus was serially passaged through multiple NIH 3T3 cultures as in
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MURINE LEUKEMIA VIRUS STABILITYsequently reach 100% within the next 2 days, confirming that the lower percentage of fluorescent cells was due to delayed replication of full-length AZE-GFP and not to early emergence of deletion mutants (data not shown); however, the same time point (day 4) was used throughout for the serial infection experiments in order to preserve consistency in the assay. From cycle 8 onward, a progressive decrease in the percentage of fluorescent cells at each day 4 time point was observed, similar to that observed with the ecotropic viruses; this progressive decline in GFP fluorescence in later cycles could not be rescued by prolonged culture of each serially infected cell population, again indicating the overgrowth of deletion mutants. Analysis of deletion mutants. We further characterized the deletion mutant populations that arose during the first infection cycle of ZAPd-hygro and after the seventh or eighth infection cycles of ZAPd-GFP, ZAPm-GFP, and AZE-GFP by PCR amplification and sequencing of Hirt DNA from each cycle. In the case of ZAPd-hygro, the PCR results indicate that the variant population observed on Southern blot consisted of a single major species of deletion mutant (Fig. 5A) . In contrast, DNA from passaged ZAPd-GFP, ZAPm-GFP, and AZE-GFP revealed three major deletion species. However, none of these could be detected prior to the seventh or eighth infection cycles (Fig. 5B to E and data not shown) , and all deleted forms appeared to emerge roughly simultaneously.
Sequencing of the amplified PCR products indicated that deletions occurred through recombination events between both direct and inverted repeats (Fig. 6A and B) . Particular deletion patterns occurred repeatedly in independent experiments using different virus constructs (Fig. 6A , H/Z3/Z6 and Z1/Z4/M2/A1) and hence might represent preferred recombinational forms, while the other deletion species were unique to a single experiment or vector (Fig. 6A, A3 , and Fig. 6B and C) . One of the recurring deletion species, occurring in both ZAPd-GFP and ZAPd-hygro, exactly matched that of the wild-type env-UTR junction sequence (Fig. 6A , H/Z3/Z6). It is likely that this revertant derived from recombination between the 11-bp direct repeat sequences flanking the IRES-GFP insert ( Fig. 1 and 6A) , resulting in deletion of the entire 1,296-bp insert and reconstitution of the wild-type sequence. This species emerged rapidly and was the only one present after a single passage of ZAPd-hygro but, in the case of ZAPd-GFP, emerged only after multiple replication cycles and was not the only species present. As the upstream copy of the 11-bp direct repeat had been eliminated in ZAPm-GFP and AZE-GFP, we did not expect to find precise reconstitution of the wild-type sequence, and indeed this did not occur.
Another deletion species emerged repeatedly in all three GFP-encoding viruses (Fig. 6A , Z1/Z4/M2/A1). In this variant, recombination occurred between 7-bp direct repeats, one of which was located in the IRES and the other within the GFP sequence, leading to the loss of 1,142 bp of the insert.
The remaining deletion species differed in sequence and were not consistently observed to arise from experiment to experiment. Sequence analysis of one such variant species, A3, implicated recombination occurring between two dinucleotide repeats (Fig. 6A) . Four other deletion species were associated with inverted repeats in the parental virus sequences (Fig. 6B) . In three of these species, one copy of an inverted repeat was present on each side of the deletion junction: variant Z2 had a 1,248-bp deletion associated with 9-bp inverted repeat sequences, Z5 had a 1,188-bp deletion associated with 5-bp inverted repeat sequences, and A2 had a 1,235-bp deletion associated with 7-bp inverted repeat sequences, situated at the recombination breakpoints (Fig. 6B) . The fourth inverted repeat deletion (M1) was associated with two complete palindromes with the potential to form hairpins aligned at each recombination breakpoint (Fig. 6B) . The remaining variant species, M3, generated a PCR product approximating the wildtype MLV env-UTR sequence in size (Fig. 5D) . However, sequence alignment analysis showed significant disparities between the M3 sequence and the parental Moloney MLV sequence, and a BLAST search of GenBank revealed extremely high homology with an endogenous mouse retrovirus sequence (56) (GenBank accession no. AF017530) (Fig. 6C) , suggesting that it was derived by recombination of ZAPm-GFP with endogenous retrovirus present in the NIH 3T3 cells.
DISCUSSION
We have constructed a series of replication-competent MLVs containing insertions at the env-3Ј UTR boundary to examine virus stability over multiple serial infection cycles. Our results suggest that an insertion at this position can be well tolerated as long as the insert size does not exceed a certain threshold or contain recombinogenic sequences. This construct design thus allowed us to examine the population dynamics of lengthened MLV genomes over repeated passage. Use of the IRES-GFP insert allowed us to track virus spread by flow cytometry, with loss of fluorescence serving as a reliable surrogate marker for genetic instability and the concomitant emergence of deletion mutants. In collaborative studies, we have also successfully employed a similar IRES-GFP insertion in feline leukemia virus (FeLV) to follow FeLV-A-to-FeLV-B conversion, suggesting that this strategy may prove to be generally useful in studies of retrovirus replication (Z. Chang, J. Pan, C. Logg, N. Kasahara, and P. Roy-Burman, submitted for publication).
On comparing replication-competent MLV vectors containing insertions between 1.15 and 1.55 kb long, we found striking differences in stability which correlated with differences in replication kinetics observed in single-cycle infections. ZAPd-hygro, which contains an insert of 1.55 kb, displayed the most attenuated replication kinetics. When this virus was propagated, it was almost completely overgrown after a single passage by a fully deleted revertant possessing wild-type MLV sequence. In contrast, ZAPd-puro and ZAPd-GFP, with 1.15-and 1.3-kb inserts, respectively, exhibited replication kinetics much closer to those of wild-type virus and retained their inserts for much longer periods. Presumably, the replicative fitness of ZAPd-puro and ZAPd-GFP relative to ZAPd-hygro account, at least in large part, for their greater stability, as they were likely better able to compete with deletion variants that arose during replication.
Sequence analysis of the deleted variants indicated that some of the deletions may have occurred through inter-or intramolecular template switching (25, 35, 54 ) between short direct repeat sequences within and flanking the transgene cassette. Recombination between an 11-bp direct repeat sequence that flanks the insertions of ZAPd-hygro and ZAPd-GFP resulted in exact reconstitution of wild-type MLV sequence. Unexpectedly, when variants of ZAPd-GFP lacking the upstream copy of the 11-bp repeat were serially passaged, no improvement in stability was observed.
One deletion species arising by recombination between 7-bp direct repeats within the insert occurred in all IRES-GFPcontaining vectors. Notably, while sequence analysis revealed that the IRES-GFP cassette contains 77 pairs of perfect direct repeats of 7 bp or more, only this particular repeat pair was involved in formation of a deletion mutant. One possibility is that the sequence context of this specific 7-bp repeat might be particularly recombinogenic. Alternatively, as this repeat is spaced further apart than any of the other 77 pairs, the frequent occurrence of this deletion species may simply reflect a higher rate of recombination between homologous sequences that are spaced further apart (19) , although this idea has recently been challenged (1) . A third possibility is that, while other deletion species might have arisen through recombination at the other repeats, this particular species exhibits the largest deletion and its genome size is closest to that of wildtype MLV, allowing it to compete more effectively during virus passage. This particular deletion was also associated with recognition sequences for murine topoisomerases Ib and II in the parental virus, in which the cleavage sites were precisely aligned with the deletion endpoints. The significance of this association, however, is unknown.
We also observed frequent deletion between inverted repeats. This type of deletion has been proposed to occur when RT jumps over hairpins formed by such repeats in viral RNA during reverse transcription (33) . Interestingly, of the many deletion junctions that have been characterized in previous studies of defective retrovirus vectors, the majority occurred between sites with directly repeated sequences, but remarkably few occurred between sites having inverted repeat homology (14, 25, 34, 35, 38, 52, 57, 59) . In contrast, about half of the deletion species that we observed occurred by recombination at inverted repeats.
We observed one instance of deletion via homologous recombination with an endogenous polytropic retroviral sequence, which resulted in loss of the entire IRES-GFP insert. Similar "patch repair" of an exogenous virus by an endogenous sequence has been observed previously (8, 43) , although in the earlier cases the repair was of a lethal deletion rather than a nonlethal insertion.
It is notable that these multiple species of deletion mutants detected in the ZAPd-GFP, ZAPm-GFP, and AZE-GFP infections were in each case undetectable over the first six to seven infection cycles and subsequently appeared to emerge simultaneously. Neither Southern blot nor PCR analysis revealed any major deletion intermediates during the serial infections, suggesting that these short deletion mutants were the only major species to arise and that these were generated without a stepwise series of progressive deletions. While it remains possible that longer deletion intermediates were present but not amplified efficiently in this assay, this is unlikely, as the full-length IRES-GFP sequence could be amplified efficiently and showed a progressive loss of amplification signal beginning at cycle 7 or 8, consistent with the Southern blot results.
The lack of intermediate forms could be a consequence of recombination occurring at an early stage. If reversion was an early event, it occurred at low frequency, and it is likely that very few such deletion mutants were present from the first infection cycle. In the case of ZAPd-hygro, it is clear that revertants were present from the initial infection. However, for the other vectors, the advantage in replicative fitness of the various deletion mutants may not have been strong enough for these to have become apparent until many cycles had passed. An alternative, though not mutually exclusive, explanation is that at least some of the revertant species arose simultaneously in later cycles due to the requirement for some prior initiating event which resulted in increased rates of subsequent recombination. Previous studies have suggested that retrovirus recombination occurs within a distinct subpopulation (17) and that one predisposing factor might be the emergence of variant forms of RT that exhibit an increased frequency of template switching (37, 50) .
As no external selection pressure was applied on any of the insert-containing virus populations, all deletion mutants presumably gained predominance through natural selection processes favoring those species that replicated most efficiently. Once detected, the major deletion mutant species all appeared to persist and gain dominance together. Presumably these multiple species, which are all similar in size, were collectively represented by the deletion mutant signal on Southern blot, which also showed no apparent intermediate forms. While the PCR analysis employed is not absolutely quantitative, the relative amounts of the amplification products from these deletion species would be predicted to change over multiple infection cycles if any particular species gained dominance over the others; however, this was not observed, suggesting that all three major deletion species could replicate with similar efficiency, and thus remained at an apparent equilibrium.
The fact that each of the deletion variants observed, using various pathways of recombination, had lost at least 84% of the IRES-GFP sequence indicates a strong selective advantage for either the natural genome length or the loss of insert sequences not contributing to efficient replication. While it has become clear that there is no absolute limitation on genome length within a certain range (15, 44) , cumulative inefficiencies at multiple stages in the retroviral life cycle may result in a significant overall replicative disadvantage for viruses harboring exogenous sequences, and thereby subject such genomes to stringent limitations by the process of natural selection.
